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
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
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0 L√
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Aµ=3,...,9 = 0,
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
X0(1) = Tτ(1),
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,
Xµ(1) = 0,
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
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X2(2) = − b2 ,
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 T√2pinq 0
0 T√
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q
 ≡ p0,
A1 =
 L√2pinp 0
0 − L√
2pin
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 ≡ p1,
A2 =
 b2 0
0 − b
2
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Aµ=3,...,9 = 0,
(2.69)
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(1)

X0(1) = Tτ(1),
X1(1) =
L
2pi
σ(1),
X2(1) = 0
X3(1) = +
b
2
,
Xµ(1) = 0,
(2)

X0(2) = Tτ(2),
X1(2) =
L
2pi
σ(2) cos θ,
X2(2) =
L
2pi
σ(2) sin θ,
X3(2) = − b2 ,
Xµ(2) = 0, (µ = 4, · · · 9),
(2.70)
b D1-
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A0 =
 T√2pinq 0
0 T√
2pin
q
 ≡ p0,
A1 =
 L√2pinp 0
0 L√
2pin
p cos θ
 ≡ p1,
A2 =
 0 0
0 L√
2pin
p sin θ
 ≡ p2,
A3 =
 b2 0
0 − b
2
 ≡ p3,
Aµ=4,...,9 = 0,
(2.71)
2.3.2 1- BPS
pµ
2 1-
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1- W A Xµ pµ
W =
1
2
Tr log(P 2λδµν − 2iFµν)
−1
4
Tr log
(
(P 2λ +
i
2
FµνΓ
µν)(
1 + Γ11
2
)
)
− Tr log(P 2λ ), (2.72)
Pµ, Fµν M
PµM = [pµ,M ],
FµνM = [fµν ,M ], (2.73)
fµν = i[pµ, pν ]
fµν = c ≡ cµν BPS
N = 2 2.3 2.4 δ(1)ψ = ±1
2
cµνΓ
µν² ξ = ±1
2
cµνΓ
µν²
(
δ(1) ∓ δ(2))ψ = 0, (2.74)(
δ(1) ∓ δ(2))Aµ = 0, (2.75)
² ξ
fµν = c 2.73 Fµν = 0
W = (
1
2
· 10− 1
4
· 16− 1)Tr log(P 2λ ) = 0. (2.76)
- BPS-
BPS- 2.62
f01 = i[p0, p1] = − TL
2pin
, (2.77)
fµν = 0, (2.78)
fµν = c BPS-
27
2.3.3 D1-
2 D1- 1-
2.3.1 2 D1-
S ′IIBMM 2.53
2 D1-
D1- 2.67
f01 = i[p0, p1] = − TL
2pin
, (2.79)
fµν = 0, (2.80)
fµν = c -
BPS 2
D1-
2 D1- 2.69
2.69 3 σ3
f01 = i[p0, p1] = i
TL
2pin
 [q, p] 0
0 −[q, p]
 = − TL
2pin
⊗ σ3, (2.81)
fµν = 0, (2.82)
[p0, f01] = − T
2L
(2pin)
3
2
[
q ⊗ 12, 1n ⊗ σ3
]
= 0, (2.83)
[p1, f01] = − TL
2
(2pin)
3
2
[
p⊗ σ3, 1n ⊗ σ3
]
= 0, (2.84)
[p2, f01] = −TLb
4pin
[
1n ⊗ σ3, 1n ⊗ σ3
]
= 0, (2.85)
[ pµ, fνλ] = 0, (2.86)
[pµ, fνλ] = 0. (2.87)
28
[pµ, fνλ] = c
[
P 2λ , Fµν
]
M = 0, (2.88)
P 2λ Fµν
Fµν
Fµν =

0 −a1
+a1 0
. . .
0 −a5
+a5 0

. (2.89)
2.72
Tr log(P 2λδµν − 2iFµν) =
5∑
i=1
Trlog
(
(P 2λ )
2 − 4a2i
)
, (2.90)
2.72 Γµν ±i
Γ11 = iΓ1Γ2 · · ·Γ10 1
Trlog
(
(P 2λ +
i
2
FµνΓ
µν)(
1 + Γ11
2
)
)
=
∑
s1=±1,...,s5=±1
s1···s5=1
Trlog
(
P 2λ − (a1s1 + · · ·+ a5s5)
)
.
(2.91)
2.72
W =
1
2
5∑
i=1
Trlog
(
(P 2λ )
2 − 4a2i
)
−1
4
∑
s1=±1,...,s5=±1
s1···s5=1
Trlog
(
P 2λ − (a1s1 + · · ·+ a5s5)
)
−Tr log(P 2λ )
=
1
2
5∑
i=1
Tr log
(
1− 4a
2
i
(P 2λ )
2
)
−1
4
∑
s1=±1,...,s5=±1
s1···s5=1
Trlog(1− a1s1 + · · ·+ a5s5
P 2λ
), (2.92)
29
2.73 1⊗ σ3 Σ3
Σ3M = [1⊗ σ3,M ]. (2.93)
[P0, P1] = i
TL
2pin
Σ3, (2.94)
P2 =
b
2
Σ3, (2.95)
Σ3 0, 0,+2,−2 0 Fµν = 0
1- Σ3 ±2 2.95 2.72
P 2λ 4(
TL
2pin
)(k + 1
2
) + b2
P 2λ n × n n
ai Σ
3 ±2 a1 = ±2 TL2pin 2.92
W =
1
2
5∑
i=1
Tr log
(
1− 4a
2
i
(P 2λ )
2
)
−1
4
∑
s1=±1,...,s5=±1
s1···s5=1
Tr log
(
1− a1s1 + · · ·+ a5s5
P 2λ
)
=
1
2
Tr log
(
1− 4a
2
1
(P 2λ )
2
)
−8
4
Tr log
(
1− 4a1
P 2
)
− 8
4
Tr log
(
1 +
4a1
P 2
)
= Tr log
(
1 + a1
P 2
)4 (
1− a1
P 2
)4(
1 + 2a1
P 2
) (
1− 2a1
P 2
)
= −n log
∞∏
k=0
(
1 + 1
2k+1+ b
′2
2
)4(
1− 1
2k+1+ b
′2
2
)4
(
1 + 2
2k+1+ b
′2
2
)(
1− 2
2k+1+ b
′2
2
) . (2.96)
b′ =
√
2pin
TL
b z = 1
4
b
′2
+ 1
2
∞∏
k=0
(
1 +
2c
2k + 1 + b
′2
2
)(
1− 2c
2k + 1 + b
′2
2
)
=
∞∏
k=0
(
1 +
c
k + z
)(
1− c
k + z
)
=
(z + c)(z − c)
z2
∞∏
k=1
(
1 +
z + c
k
)(
1 +
z − c
k
)(
1 +
z
k
)−2
=
Γ(z)2
Γ(z + c)Γ(z − c) , (2.97)
30
Γ(z) = e
−γz
z
∏∞
k=1(1 +
z
k
)−1e
z
k
W = −n log Γ(z + 1)Γ(z − 1)Γ(z)
6
Γ(z + 1
2
)4Γ(z − 1
2
)4
= −n log
[
z
z−1
(z − 1
2
)4
(
Γ( b
′2
4
+ 1
2
)
Γ( b
′2
4
)
)8]
, (2.98)
z Γ(z)
Γ(z) =
√
2pizz−
1
2 e−zeJ(z),
J(z) =
1
12
1
z
− 1
360
1
z3
+O( 1
z5
), (2.99)
W = −n 1
8z3
+O( 1
z4
)
= −8n
(
TL
2pin
)3
1
b6
+O
(
1
b8
)
, (2.100)
D1- 8
D1-
2.3.4
1-
Aµ = pµ =

p
(1)
µ
p
(2)
µ
p
(3)
µ
. . .

. (2.101)
p
(i)
µ (i = 1, 2, · · · ) ni× ni p(i)µ
D- (D-instantons,D-string,D3-brane,· · ·
31
) p
(i)
µ
p(i)µ = d
(i)
µ 1ni + p˜
(i)
µ ,
T rp˜(i)µ = 0, (2.102)
d
(i)
µ i
(d
(i)
µ −d(j)µ )2
X (i, j) X(i,j) 2.73 PµX = [pµ, X]
Pµ X
(i,j)
(PµX)
(i,j) = (d(i)µ − d(j)µ )X(i,j) + p˜(i)µ X(i,j) −X(i,j)p˜(j)µ , (2.103)
d(i,j)µ X
(i,j) = (d(i)µ − d(j)µ )X(i,j), (2.104)
P
(i,j)
Lµ X
(i,j) = p˜(i)µ X
(i,j), (2.105)
P
(i,j)
Rµ X
(i,j) = −X(i,j)p˜(j)µ , (2.106)
(PµX)
(i,j) = (d(i,j)µ + P
(i,j)
Lµ + P
(i,j)
Rµ )X
(i,j), (2.107)
Fµν pµ 2.101
fµν = i[pµ, pν ] =

i[p
(1)
µ , p
(1)
ν ]
i[p
(2)
µ , p
(2)
ν ]
. . .

=

i[p˜
(1)
µ , p˜
(1)
ν ]
i[p˜
(2)
µ , p˜
(2)
ν ]
. . .

=

f˜
(1)
µν
f˜
(2)
µν
. . .
 , (2.108)
32
F
(i,j)
LµνX
(i,j) = f˜ (i)µνX
(i,j), (2.109)
F
(i,j)
RµνX
(i,j) = −X(i,j)f˜ (j)µν , (2.110)
(FµνX)
(i,j) = (F
(i,j)
Lµν + F
(i,j)
Rµν )X
(i,j), (2.111)
Pµ Fµν
Tr O =
n∑
i,j=1
TrO
(i,j)
L TrO
(i,j)
R , (2.112)
2.72 d
(i,j)
µ
2.72 log Γ
W = −Tr
(
1
P 2
Fµν
1
P 2
Fνλ
1
P 2
Fλρ
1
P 2
Fρµ
)
−2Tr
(
1
P 2
Fµν
1
P 2
Fλρ
1
P 2
Fµρ
1
P 2
Fλν
)
+
1
2
Tr
(
1
P 2
Fµν
1
P 2
Fµν
1
P 2
Fλρ
1
P 2
Fλρ
)
+
1
4
Tr
(
1
P 2
Fµν
1
P 2
Fλρ
1
P 2
Fµν
1
P 2
Fλρ
)
+O((Fµν)5). (2.113)
Pµ Fµν (i, j) - W (i, j)
W (i,j) W (i,j) i
j 1/(d(i) − d(j)) leading oder
33
W (i,j)
W (i,j) =
1
(d(i) − d(j))8
(−Tr(i,j) (FµνFνλFλρFρµ)− 2Tr(i,j) (FµνFλρFµρFλν)
+
1
2
Tr(i,j) (FµνFµνFλρFλρ) +
1
4
Tr(i,j) (FµνFλρFµνFλρ))
+O((1/(d(i) − d(j))9) (2.114)
=
1
4(d(i) − d(j))8
(−4njTr(f˜ (i)µν f˜ (i)νλ f˜ (i)λρ f˜ (i)ρµ )− 8njTr(f˜ (i)µν f˜ (i)λρ f˜ (i)µρ f˜ (i)λν )
+2njTr(f˜
(i)
µν f˜
(i)
µν f˜
(i)
λρ f˜
(i)
λρ ) + njTr(f˜
(i)
µν f˜
(i)
λρ f˜
(i)
µν f˜
(i)
λρ )
−4niTr(f˜ (j)µν f˜ (j)νλ f˜ (j)λρ f˜ (j)ρµ )− 8niTr(f˜ (j)µν f˜ (j)λρ f˜ (j)µρ f˜ (j)λν )
+2niTr(f˜
(j)
µν f˜
(j)
µν f˜
(j)
λρ f˜
(j)
λρ ) + niTr(f˜
(j)
µν f˜
(j)
λρ f˜
(j)
µν f˜
(j)
λρ )
−48Tr(f˜ (i)µν f˜ (i)νλ )Tr(f˜ (j)µρ f˜ (j)ρλ ) + 6Tr(f˜ (i)µν f˜ (i)µν )Tr(f˜ (j)λρ f˜ (j)λρ ))
+O((1/(d(i) − d(j))9). (2.115)
8
8
10
2
IIB 2.2.2
IIB IIB
2.3.1 D1-
1 D1- 1 2
D1- 2 IIB
2
2 world volume
IIB 1
N →∞
34
1:
D- world volume
35
2.4 4
IIB IIB
4
2.4.1
IIB
IIB SIIBMM 2.1 -
Aµ, ψ
Aµ = Xµ + A˜µ ; Xµ =

x1µ
x2µ
. . .
xNµ

,
ψ = ξ + ψ˜ ; ξ =

ξ1
ξ2
. . .
ξN

. (2.116)
Xµ, ψ A˜µ, ψ˜
Seff [X, ξ]
Seff [X] ξ
1-
g2
g2
(xi − xj)4 , (2.117)
36
A˜µ, ψ˜ SIIBMM 2.1 2.116
2 S2 Sint S2
S2 + Sg.f. + Sghost = − 1
2g2
tr
(
[Xµ, A˜ν ][X
µ, A˜ν ] + ¯˜ψΓµ[Xµ, ψ˜]
+[ξ¯, A˜µ]Γ
µψ˜ + ¯˜ψΓµ[A˜µ, ξ]
+2[Xµ, b][A
µ, c]
)
, (2.118)
S˜ = S2 + Sg.f. + Sghost
S˜ =
1
g2
∑
i<j
(
(xiν − xjν)2A˜ijµ ∗A˜ijµ − ¯˜ψjiΓµ(xiµ − xjµ)ψ˜ij
+(ξ¯i − ξ¯j)Γµψ˜ijA˜ijµ
∗
+ ¯˜ψjiΓµ(ξi − ξj)A˜ijµ
−bji(xiµ − xjµ)2cij
)
, (2.119)
xijµ ≡ xiµ− xjµ, ξij ≡ ξi− ξj A˜µ, ψ˜
Γµxijµ Γ
µxijµ /x
2
S˜ =
1
g2
∑
i<j
(
A˜ijµ
∗(xijµ )
2
(
ηµν + ξ¯ijΓµανξij
xijα
x4
)
A˜ijν
−
(
¯˜ψji − ξ¯ijΓµA˜ijµ
∗Γνxijν
x2
)
Γρxijρ
(
ψ˜ij − Γ
λxijλ
x2
ΓσξijA˜ijσ
)
−bij∗(xijµ )2cij − bij(xijµ )2cij∗
)
, (2.120)
e−S
1−loop
eff [X,ξ] =
∫
dA˜dψ˜dbdc e−(S2+Sg.f.+Sghost)
=
∏
i<j
(
det
(
(xijρ )
2(ηµν + Sµν(ij))
)−1
det
(
Γρxijρ
)(
(xijµ )
2
)2)
=
∏
i<j
detµν
(
ηµν + Sµν(ij)
)−1(
(xijρ )
2
)(−10+8+2)
=
∏
i<j
detµν
(
ηµν + Sµν(ij)
)−1
, (2.121)
37
S1−loopeff [X, ξ] = − log
∏
i<j
detµν
(
ηµν + Sµν(ij)
)−1
=
∑
i<j
tr log(ηµν + Sµν(ij)), (2.122)
Sµν(ij) = (ξ¯
i − ξ¯j)Γµαν(ξi − ξj) (x
i
α − xjα)
(xi − xj)4 . (2.123)
log Sµν(ij)
Sµν(ij) 16 ξ 2 log 8
Sµν(ij) S
µν
(ij)
-
S1−loopeff [X, ξ] =
∑
i<j
tr log(ηµν + Sµν(ij))
= −
∑
i<j
tr
(S2(ij)
2
+
S4(ij)
4
+
S6(ij)
6
+
S8(ij)
8
)
, (2.124)
ξ 4
(ξ¯Γµαβξ)(ξ¯Γναβξ) = 0, (2.125)
(ξ¯Γµναξ)(ξ¯Γλραξ) = (ξ¯Γ
µλαξ)(ξ¯Γνραξ)− (ξ¯Γµραξ)(ξ¯Γνλαξ). (2.126)
2.125 tr(Sµν(ij))
2 ξ 4
ξ 12
tr(Sµν(ij))
6 -
S1−loopeff [X, ξ] = −
∑
i<j
tr
(S4(ij)
4
+
S8(ij)
8
)
. (2.127)
X ξ
38
∫
dX e−Seff [X] =
∫
dXdξ e−Seff [X,ξ]
=
∫
dXdξ
∏
i<j
[
1 +
tr(S4(ij))
4
+
(
1
2
(tr(S4(ij))
4
)2
+
tr(S8(ij))
8
)]
, (2.128)
(ξij)
8/(xij)
12, 3 (ξij)
16/(xij)
24
2 xi− xj xi xj
tr(S4(ij))/4 tr(S
4
(ij))
2/32+ tr(S8(ij))/8
ξiα− ξjα 8 16 8 16
8 16 2.128∏
i<j 8
2.128∫
dXdξe−S
1−loop
eff [x,ξ]
=
∫
dXdξ
∑
G:graph
∏
(ij):bond of G

(
tr(S4
(ij)
)
4
)
: (8 )(
1
2
(
tr(S4
(ij)
)
4
)2
+
tr(S8
(ij)
)
8
)
: (16 )
(2.129)
ξ
ξiα 1 ξ
i
1
2.128∫
dX
∫ N−1∏
i=1
dξi2 · · · dξi16
N−1∏
i=1
dξi1
∏
i<j
(C0 + C1 · (ξi1 − ξj1)), (2.130)
C0 C1 x
ij
µ=0, · · · , xijµ=9 ξijα=2, · · · , ξijα=16
2 1
ξi1 i N − 1
39
ξi1 · · · ξN−11 N − 1
δ(ξi11 − ξi21 )δ(ξi21 − ξi31 ) · · · δ(ξi(k−1)1 − ξik1 )δ(ξik1 − ξi11 ) = 0. (2.131)
ξi1
maximal tree ξiα=2,··· ,16
2.129 8 16
8 16
2.4.2
N g X
M
RM M

y1
...
yN−1
 = T

x1
...
xN−1
 ,

η1
...
ηN−1
 = T

ξ1
...
ξN−1
 , (2.132)
y1 · · · ym ym+1 · · · yN−1
m ∫
dXe−Seff [X] −→
∫
dy1µ · · · dymµ e−Seff [y], (2.133)
2.119
< ψ˜ij ¯˜ψij > ≡
i
j
<
> = − 1
(xi − xj)µΓµ , (2.134)
40
< A˜ijµ A˜
∗
ν
ij > ≡ a a a a` ` ` `a a a a` ` ` `
i
j
µ ν
<
> =
ηµν
(xi − xj)2 , (2.135)
A˜ψ˜ξ vertex ≡ a a``a a``h<> <>i
j
i
j
µ = Γµ(ξi − ξj). (2.136)
(ξi − ξj)(xi − xj)− 32
2.132 (
∑
k C
ij
k η
k)(
∑
k C
ij
k y
k)−
3
2 η
16 η
| e−Seff [y] | < 1∏m
i=1
∏16
α=1 y
− 3
2
iα
(2.137)
m
1-
i
k j
¡
@
@
¡
<
<
<
<aaa
``
aaa
``h <>
aa `` aa
a
``
h
<
> a a`a`
a
` `
h
<
>
a a
` `a a
` ` h< >
∝ (ξ
ij)2
(xij)3
(ξik)2
(xik)3
g2
((xij)2(xik)2)
= (ξij(xij)−
3
2 )4
g2
(xij)4
, (2.138)
ξij(xij)−
3
2 (xij)−4
2.4.3
N ×N 2× 2 2× 2
(N − 2) × (N − 2)
41
2× (N − 2)
Aµ 3

A
U(2)
µ
x3µ
. . .
xNµ

, AU(2)µ = xµ1+ A
SU(2)
µ , (2.139)
ψ 3

ψU(2)
ξ3
. . .
ξN

, ψU(2) = ξ1+ ψSU(2). (2.140)
2 × 2 (N − 2) × (N − 2)
Seff [A
SU(2)
µ , ψ
SU(2); xµ, ξ;x
3
µ, · · · , xNµ , ξ3, · · · , ξN ]
= S[ASU(2)µ , ψ
SU(2)]
+S ′eff [xµ, ξ; x
3
µ, · · · , xNµ , ξ3, · · · , ξN ]
+Sint[A
SU(2)
µ , ψ
SU(2);xµ, ξ; x
3
µ, · · · , xNµ , ξ3, · · · , ξN ] (2.141)
SU(2) xµ, ξ (N − 2)× (N − 2)
2.4.1
SU(2) (N − 2)× (N − 2)
SU(2) [6]
B SU(2) rµ∫
d10rf(r) =
∫
d10relog f(r),
f(r) ∼
 1/r24 r2 À gr8 r2 ¿ g (2.142)
−8 log r
SU(2)
SU(2) SU(3), SU(4), · · ·
42
SU(2)
Score[X] =
∑
i<j
g(xi − xj), (2.143)
g(xi − xj) =
 −4 ln((xi − xj)2/g) for (xi − xj)2 ¿ g0 for (xi − xj)2 À g , (2.144)
Z =
∫
DADψ¯Dψ e− 1g2 Tr
(
1
4
[Aµ,Aν ]2+
1
2
ψ¯Γµ[Aµ,ψ]
)
. (2.145)
ψ
Aµ
[2] [28]
2.4.1 IIB
4 [29]
4
4 4
4 [7, 8] [7]
4
d 10− d IIB
10 SO(10) SO(d)
43
dR r
R/r d SO(4) (d = 4)
R/r
44
2.5
IIB IIB
IIB
[10]
IIB [Ai, [Ai, Aj]] = 0
[pˆi, pˆj] = iBij, (2.146)
pˆi Bij c-
(2.146) Bij d˜
Ai pˆi aˆi Ai = pˆi+ aˆi
aˆi =
∑
k
a˜i(k) exp(iC
ijkipˆj), ψˆ =
∑
k
ψ˜(k) exp(iCijkipˆj), (2.147)
Cij Bij ( C
ijBjk = δ
i
k)
a˜?(k) = a˜(−k) ψ˜?(k) = ψ˜(−k)
2
eAeB = exp(A+B + 1
2
[A,B] · · · )
aˆibˆj =
∑
k,l
a˜i(k)b˜j(l) exp(iC
rskrpˆs) exp(iC
tultpˆu)
=
∑
k,l
a˜i(k)b˜j(l) exp(iC
rs(kr + lr)pˆs +
i2
2
CrsCtukrltiBsu)
=
∑
k,l
a˜i(k)b˜j(l) exp(iC
rs(kr + lr)pˆs +
−1
2
CrsCtukrlti(−Bus))
=
∑
k,l
a˜i(k)b˜j(l) exp(iC
rs(kr + lr)pˆs +
i
2
Crskrls). (2.148)
(2 )
Bij =
 0 −B
B 0
 ( Cij =
 0 B−1
−B−1 0
)
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[qˆ, pˆ] = +i pˆ0 = qˆ pˆ1 = pˆ
T r exp(iC ijkipˆj) = Tr exp(iB
−1(k0pˆ− k1qˆ))
=
∫
dq〈q| exp(ik0pˆB−1) exp(−ik1qˆB−1) exp(ik0k1B−1)|q〉
= 2piBδ(k0)δ(k1) = (2pi)
2 1
2pi
√
detBδ(k0)δ(k1). (2.149)
Pioˆ = [pˆi, oˆ] aˆi
Piaˆj = [pˆi, aˆj] =
∑
k
a˜j(k)[pˆi, exp(iC
lmklpˆm)] =
∑
k
kia˜j exp(iC
lmklpˆm).
(2.150)
(2.148), (2.149) (2.150) IIB
• IIB aˆi a˜i(k) exp(ikjxj)
aˆi −→
∑
k
a˜i(k) exp(ikjx
j) (2.151)
N ×N c-
U(1)
• (2.148)
aˆibˆj −→ ai(x) ? bj(x) ≡ exp( iC
lm
2
∂2
∂ξl∂ηm
)ai(x+ ξ)bj(x+ η)|ξ=η=0.
(2.152)
• (2.149) N × N
Tr(aˆi) −→
√
detB(
1
2pi
)
d˜
2
∫
dd˜xa(x), (2.153)
d˜ Bij
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• (2.150) Pi d˜
a(x)
Piaˆj(= [pi, aˆj]) −→ −i∂i. (2.154)
IIB Ai
[Ai, oˆ] = [pˆi + aˆi, oˆ] −→ Dio(x) = −i∂io(x) + ai(x) ? o(x)− o(x)?ai(x).
(2.155)
[Ai, Aj] −→ −i(∂iaj(x)− ∂jai(x)) + [ai(x), aj(x)]? ≡ Fij. (2.156)
• IIB
(2.151) IIB
C ij pˆj −→ xi. (2.157)
(2.151) (|k| ¿ λ) E ∼
hc
λ
aˆi
[aˆi , aˆj] =
∑
k,l
a˜i(k)a˜j(l)[exp(iC
rskrpˆs) , exp(iC
tultpˆu)]
=
∑
k,l
a˜i(k)a˜j(l) exp(iC
rs(kr + lr)pˆs)
×(exp( i
2
2
CrsCtukrltiBsu)− exp( i
2
2
CrsCtukrltiBus))
Bsu=−Bus= 2i
∑
k,l
a˜i(k)a˜j(l) exp(iC
rs(kr + lr)pˆs) sin(
1
2
Crskrls).
(2.158)
47
xi = Cij pˆj
IIB d˜
− 1
g2
Tr
(
1
4
[Ai, Aj][A
i, Aj] +
1
2
ψ¯Γi[Ai, ψ]
)
−→ d˜nB
2
4g2
−
√
detB
( 1
2pi
) d˜
2
∫
dd˜x
1
g2
(
1
4
FabF
ab
+
1
2
[Da, αρ][D
a, αρ] +
1
4
[αρ, αχ][α
ρ, αχ] +
1
2
(
ψ¯Γa[Da, ψ] + ψ¯Γ
ρ[αρ, ψ]
))
?
.
(2.159)
IIB U(1)
gYM = g
2(2pi
B
)
d˜
2 a, b, · · ·
d˜
Fab = [Da, Db]?
U(m)
pˆi −→ pˆi ⊗ 1m, (2.160)
aˆi =
∑
k
a˜i(k)m×m exp(iC
ijkipˆj), ψˆ =
∑
k
ψ˜(k)m×m exp(iC
ijkipˆj), (2.161)
a˜i(k) ψ˜(k) m×m
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3IIB
IIB
IIB IIB
4
IIB 4
2
3.1 2
2
2 2.2.1 xi = αLi
Li SU(2) n
∧
2.2.1 Li N n
2 n× n
(2.22) Yˆlm
l n − 1 2 Li 2
Mˆ Li
LiM(Ω) = −i²ijkxj∂kM(Ω)←→ L˜iMˆ = [Li, Mˆ ] = (LLi − LRi )Mˆ. (3.1)
Li L, (R) ( )
49
∫
dΩ
4pi
M(Ω)←→ 1
n
tr[Mˆ ]. (3.2)
2 3
DGKP[19, 15],DWW[18],DGW[20]
3 1 DWW
1: DWW, DGKP,DGW
Dirac op. Index
DWW © ×
DGKP × ©
DGW 4 © GW
DGKP
DGW [30]
GW
1 3.1.1 DGKP
3.1.2 GW
DGW
3.1.1 GKP DGKP
DGKP
[19, 15]
1GW [31, 32]
[33, 31] GW
50
SGKP = tr[Ψ¯DGKPΨ], (3.3)
DGKP = σi(L˜i + ρai) + 1, (3.4)
ai U(k) Ψ
ai Ψ nk × nk nk × n
Ψ → UΨ,
Ψ¯ → Ψ¯U †,
ai → UaiU † + 1
ρ
(ULiU
† − Li). (3.5)
Ai
Ai ≡ Li + ρai, (3.6)
Ai → UAiU †. (3.7)
(3.4)
DGKP → Dcom = σi(Li + ρai) + 1, (3.8)
2 3
ai 2 a
′
i φ
 a′i = ²ijknjak,φ = niai, (3.9)
⇐⇒ ai = −²ijknja′k + niφ. (3.10)
ni = xi/ρ xi φ 2
Dcom DGKP
51
ΓR = a
(
σiL
R
i −
1
2
)
. (3.11)
a =
2
n
, (3.12)
σi Γ
R
(ΓR)2 = 1
γ = niσi, (3.13)
2
DGKP Γ
R
DGKPΓ
R + ΓRDGKP = 2a(L˜i + ρai)L
R
i − aDGKP, (3.14)
DGKP Γ
R
DGKP D
DGKP
3.1.2 GW DGW
GW
[20] GW
2
ΓR = a
(
σiL
R
i −
1
2
)
, (3.15)
Γˆ =
H√
H2
. (3.16)
52
H = a
(
σiAi +
1
2
)
(3.17)
= ΓR + aDGKP, (3.18)
Ai (3.6) Γˆ ∧
(ΓR)† = ΓR, (Γˆ)† = Γˆ, (ΓR)2 = (Γˆ)2 = 1, (3.19)
ΓR Γˆ 2
γ = niσi
GW
DGW = −a−1ΓR(1− ΓRΓˆ), (3.20)
SGW = tr[Ψ¯DGWΨ], (3.21)
(3.5) DGW
DGW → D′com = σi(Li + ρPijaj) + 1, (3.22)
Pij = δij − ninj
D′com 2
GW (3.20) GW
ΓRDGW +DGWΓˆ = 0, (3.23)
GW (3.20) ΓR
Γˆ
Index(DGW) ≡ (n+ − n−) = 1
2
T r(ΓR + Γˆ). (3.24)
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n± DGW ΓR Γˆ (
) T r
(3.24) GW (3.20)
ΓR Γˆ
ΓR Γˆ
B
(3.24)
(1) ΓR Γˆ (3.24)
(2) 2
(3)
(2) (3.24)
ai 2 σ
1
2
T r(ΓR + Γˆ) = a
2ρ2
α
i tr
(
[Li, a
′
i]
)
+tr
(
3
8
a4ρ2
{
[Li, ai]
2 − 4
( ρ
α
)2
(a′i)
2 + 4i
ρ
α
Li{[Lj, aj], a′i}
−8i
( ρ
α
)2
²ijkLia
′
ja
′
k
}
− a2ρ2i ρ
α
[ai, a
′
i]
)
+O(a′3i ), (3.25)
a′i =
α
2ρ
²ijk(Ljak + akLj), (3.26)
ai 2
(3.25)
ρ2
∫
dΩ
4pi
tr
[
²ijk
xi
ρ
Fjk
]
, (3.27)
Fjk
Fjk = ∂ja
′
k − ∂ka′j − i[a′j, a′k],a′i = ²ijkxjak/ρ.
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ai
(3.27) 2
(3)
3.2
2 TP
2 U(2) [23, 22] TP
Ai = L
(n)
i ⊗ 12 + 1n ⊗
τi
2
, (3.28)
Ai (3.6) L
(n)
i SU(2) n
N = 2n
ai =
1
ρ
1n ⊗ τi
2
, (3.29)
(3.29)
ai(x) =
1
ρ
τi
2
, (3.30)
ai = a
a
i τ
a/2
aai (x) =
1
ρ
δia, (3.31)
a′ai =
1
ρ2
²ijaxj, (3.32)
φa =
1
ρ
na, (3.33)
TP
(3.28) Ai SU(2)
[Ai, Aj] = i²ijkAk, (3.34)
2 [34, 35, 36, 37, 38, 39]
K-
55
Ai = U
L(n+1)i
L
(n−1)
i
U †. (3.35)
TP 2
2 2m
2
Ai =
L(n+m)i
L
(n−m)
i
 , (3.36)
m = 0 2 2
2 U(2) |m| = 1
TP |m| = n 2 U(1)
(3.48) , |m| ¿ n
−|m|
(−|m|)
m 2 2
U(2) U(1)
 m = 0  jmj  n  jmj = n
2: m 2
U(2) (m = 0 2
2 ) |m| = 1 TP |m| ≥ 1
U(2) U(1) × U(1)
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21. (3.35) U(1) U(1)× U(1)
2. U(2) SU(2)×U(1) TP
(3.29) SU(2) U(1)
2
U(1) 1n+1
0
 ,
0
1n−1
 , (3.37)
1n+1
1n−1
 ,
(n− 1)1n+1
−(n+ 1)1n−1
 , (3.38)
(3.35) U 2
U
(n− 1)1n+1
−(n+ 1)1n−1
U † = 2Liτi, (3.39)
αLiτi → xiτi TP U(1)
3.3
(3.24) TP (3.36)
TP SU(2)
U(1) TP
U(1) +1 −1 2
2
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Index(P (n±m)DGW) =
1
2
T r[P (n±m)(ΓR + Γˆ)]. (3.40)
P (n±m) (3.36) n ±m
2 2
1
(3.40)
2 (3.36)
P (n±m) =
(Ai)
2 − 1
4
[(n∓m)2 − 1]
1
4
[(n±m)2 − 1]− 1
4
[(n∓m)2 − 1]
=
1
2
(1± T ). (3.41)
T =
2
nm
(
A2i −
n2 +m2 − 1
4
)
(3.42)
=
1(n+m)
−1(n−m)
 . (3.43)
(3.6) (3.42)
T =
2
nm
(
ρ{Li, ai}+ ρ2a2i −
m2
4
)
, (3.44)
|m| ¿ n 2ρ
m
φ φ (3.9)
T
(3.43) T 2 = 1 T T
TP U(1) T
±1 U(1) ±1
T ∼ 2ρ
m
φ ±1
T m > 0 (m < 0) ±1 (∓1) m ≥ 0
(3.40) P (n±m)
+1 −1
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P (n±m) +1 −1
(3.40)
1
2
T r[P (n±m)(ΓR + Γˆ)] −→ ± ρ
2
8pi
∫
S2
dΩ²ijkniφ
′aF ajk, (3.45)
∑
a(φ
′a)2 = 1 φ′a
T = φ′aτa Fjk = F ajkτ
a/2 Fjk = ∂ja
′
k −
∂ka
′
j − i[a′j, a′k] φ′a
TP
U(1)
(3.36) (3.40)
1
2
T r[P (n±m)(ΓR + Γˆ)] = ∓m, (3.46)
( C) (3.41)
1
2
T r[T (ΓR + Γˆ)] = −m. (3.47)
m < 0
1
2
T r[T (ΓR + Γˆ)] = −|m|, (3.48)
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4 DGW
GW
GW DGW
GW
DGW
4.1 DGW
(3.36) GW (3.20)
(3.36) GW DmGW
DmGW =
 nn+m(σiL(n+m)i + 12)
n
n−m(σiL
(n−m)
i +
1
2
)
− (σiLRi − 12). (4.1)
Mi = Li + ai − LRi +
σi
2
(4.2)
= Ai − LRi +
σi
2
(4.3)
=
L(n+m)i
L
(n−m)
i
− LRi + σi2 , (4.4)
T =
2
nm
(
A2i −
n2 +m2 − 1
4
)
(4.5)
=
1(n+m)
−1(n−m)
 , (4.6)
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ΓR =
2
n
(
LR · σ − 1
2
)
. (4.7)
Mi T Γ
R
[Mi , T ] = 0, (4.8)[
Mi , Γ
R
]
= 0, (4.9)[
T , ΓR
]
= 0. (4.10)
M2i |J, J3, δ, ν〉 = J(J + 1) |J, J3, δ, ν〉, (4.11)
M3|J, J3, δ, ν〉 = J3 |J, J3, δ, ν〉, (4.12)
T |J, J3, δ, ν〉 = δ |J, J3, δ, ν〉, (4.13)
ΓR|J, J3, δ, ν〉 = ν |J, J3, δ, ν〉. (4.14)
δ = ±1 Ai L±m/2
L n−1
2
(n = 2L+1) ν = ±1 −LRi + σi2
L∓ 1/2 (4.3) Mi 2
m > 0
2
[
2 · m− 1
2
+ 1
]
+ 4
2L−m+12∑
J=m+1
2
(2J + 1)
+ 3 [2(2L− m− 1
2
)
+ 1
]
+2
 2L+m−12∑
J=2L−m
2
+ 3
2
(2J + 1)
+ [2(2L+ m+ 1
2
)
+ 1
]
= 4(2L+ 1)2 (4.15)
= 4n2, (4.16)
2
J = m−1
2
J = m−1
2
(J, δ) = (2L−m−1
2
,−1) (2L+m+1
2
,+1)
δ ν = +1 ν = −1
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2: Mi (m > 0)
δ (T ) − − + +
J ν (ΓR) + − + −
m−1
2
◦ ◦
m+1
2
◦ ◦ ◦ ◦
m+3
2
◦ ◦ ◦ ◦
··
·
··
·
··
·
··
·
··
·
2L− m+1
2
◦ ◦ ◦ ◦
2L− m−1
2
◦ ◦ ◦
··
·
··
·
··
·
2L+ m−1
2
◦ ◦
2L+ m+1
2
◦
3 DmGW 2
(DmGW)
2 =
n
n+mT
[
M2i −
m2 − 1
4
]
, (4.17)
Mi, T,Γ
R
[
Mi , (D
m
GW)
2
]
= 0, (4.18)[
T , (DmGW)
2
]
= 0, (4.19)[
ΓR , (DmGW)
2
]
= 0. (4.20)
(DmGW)
2
(DmGW)
2|J, J3, δ, ν〉 = n
n+mδ
[
J(J + 1)− m
2 − 1
4
]
|J, J3, δ, ν〉. (4.21)
J = m−1
2
DmGW
3 ν = +1 ν = −1 T r(ΓR) = −4n
δ = +1 δ = −1 T r(T ) = 4nm
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[Mi , D
m
GW] = 0, (4.22)
[T , DmGW] = 0, (4.23)[
ΓR , DmGW
] 6= 0. (4.24)
J, J3, δ ν
∑
ν c
±
ν |J, J3, δ, ν〉
DmGW
DmGW
[∑
ν
c±ν |J, J3, δ, ν〉
]
= ±
√
n
n+mδ
[
J(J + 1)− m
2 − 1
4
] [∑
ν
c±ν |J, J3, δ, ν〉
]
(4.25)
GW
ΓRDmGW +D
m
GWΓˆ = 0, (4.26)
DmGWΓ
R + ΓˆDmGW = 0, (4.27)
∑
ν cν |J, J3, δ, ν〉 α DmGW (ΓR+
Γˆ)
∑
ν cν |J, J3, δ, ν〉 −α
DmGW
[∑
ν
cν |J, J3, δ, ν〉
]
= α
[∑
ν
cν |J, J3, δ, ν〉
]
, (4.28)
DmGW
[
(ΓR + Γˆ)
∑
ν
cν |J, J3, δ, ν〉
]
= −α
[
(ΓR + Γˆ)
∑
ν
cν |J, J3, δ, ν〉
]
,
(4.29)
α = ±
√
n
n+mδ
[
J(J + 1)− m
2 − 1
4
]
. (4.30)
(3.20) ΓR + Γˆ = aDmGW + 2Γ
R
(ΓR + Γˆ)
∑
ν
cν |J, J3, δ, ν〉 = (aα + 2)c1|J, J3, δ, 1〉+ (aα− 2)c−1|J, J3, δ,−1〉,
(4.31)
2 (δ = −1, J = 2L−m−1
2
)
(δ = 1, J = 2L + m+1
2
) ν = −1 (ΓR +
63
Γˆ)|J, J3, δ, ν = −1〉 (4.31) aα = 2
DmGW
(4.30) −2 < aα < 2 (ΓR+Γˆ)∑ν cν |J, J3, δ, ν〉
DmGW 3
n = 10,m = 0, 1, 2, 3, 4
cν (Γ
R + Γˆ)
∑
ν cν |J, J3, δ, ν〉
∑
ν cν |J, J3, δ, ν〉
(aα + 2)|c1|2 + (aα− 2)|c−1|2 = 0, (4.32)
|c−1| =
√
2 + aα
2− aα |c1|. (4.33)
α
1
2
[√
2− aα|J, J3, δ, 1〉+ α|α|
√
2 + aα|J, J3, δ,−1〉
]
. (4.34)
α = ±
√
n
n+mδ
[
J(J + 1)− m2−1
4
] |J, J3, δ, 1〉
|J, J3, δ,−1〉
DmGW
(3.40) DmGW J =
m−1
2
2J +1 = m 2 (δ, ν) = (+1,−1)
Index(P (n+m)DGW) = n+ − n− = 0−m = −m, (4.35)
(δ, ν) = (−1,+1)
Index(P (n−m)DGW) = n+ − n− = m− 0 = m. (4.36)
(4.35) (4.36) (3.46)
(3.40)
4.2 DGW
TP (m = 1) GW DTPGW
DTPGW (3.20) (3.35)
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1
2
3
4
5
6
7
8
9
10
 1
 2
 3
 4
 5
 6
 7
 8
 9
 10
D
GW
m = 0 m = 1 m = 2 m = 3 m = 4
Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1
3:
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DTPGW = a
−1(Γˆ− ΓR)
= U
 nn+1(σiL(n+1)i + 12)
n
n−1(σiL
(n−1)
i +
1
2
)
U †− (σiLRi − 12)
= σiL˜i + 1 + σi
τi
2
− 1
n2 − 1Liτi
[
1 + 2σj(Lj +
τj
2
)
]
, (4.37)
4.1 Mi
m = 1 2 J = 0
²αl L
iσiαα′²α′l α l
TP GW
DTPGW
DTPGW
σi² = −²(τ i)T , (4.38)
σiαα′²α′l = −τ ill′²αl′ . (4.39)
(DTPGW²)αl = ²αl +
1
2
σiαα′τ
i
ll′²α′l′
− 1
n2 − 1
[
Liτ ill′²αl′ + 2L
iLjσjαα′τ
i
ll′²α′l′ + L
iσjαα′τ
i
ll′τ
j
l′l′′²α′l′′
]
= ²αl − 1
2
(σiσi²)αl
− 1
n2 − 1
[−Li(σi²)αl − 2LiLj(σjσi²)αl + Li(σjσjσi²)αl]
= ²αl − 3
2
²αl − 1
n2 − 1
[
2Li(σi²)αl − n
2 − 1
2
²αl − 2Li(σi²)αl
]
= 0. (4.40)
(DTPGWL
iσi²)αl = 0 (4.41)
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T ΓR 2 (δ, ν) =
±(−1,+1)
1
2
(1± ΓR)² = 1
2
(1∓ T )², (4.42)
1
2
[
(1∓ 1
n
)²αl ± 2
n
Liσiαα′²α′l
]
=
1
2
[
(1∓ 1
n
)²αl ∓ 2
n
Liτ ill′²αl′
]
. (4.43)
(4.39)
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52
3.2 2m
2 2 3.2
(|m| ¿ n) 2 U(2) (m = 0)
U(2) (m = 0)
TP
1-
5.1
4
2 IIB
N = 2
D-
IIB
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[15] 4
S =
1
g2
Tr(−1
4
[Ai, Aj][A
i, Aj] +
2
3
iα²ijkA
iAjAk). (5.1)
i, j, k 1, 2, 3
3 Ai N ×N
SO(3) SU(N)
Ai → UAiU †. (5.2)
[Ai, [Ai, Aj]] = −iα²jkl[Ak, Al], (5.3)
Ai = Diag(x
(1)
i , · · · , x(N)i ). (5.4)
Ai = αLi, (5.5)
α Li SU(2) N
xi = αLi 2.2.1
Ai = α

L
(n1)
i
L
(n2)
i
. . .
L
(nk)
i

. (5.6)
4[15] GKP
[15, 40,
41, 42, 43, 44, 45, 46]
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L
(n)
i SU(2) n N =∑k
a=1 na Ai n1 = · · · = nk ≡ n k
k
U(k) [15] k = 2
(5.6) (3.36)
(5.1) (5.5) Ai = α(Li + ρai)
5
(5.1)
S = −α
4ρ4
4g2
Tr(FijFij)
− i
2g2
α4ρ3²ijkTr(
1
ρ
[Li, aj]ak +
1
3
ai[aj, ak]− i
2ρ
²ijma
mak)
− α
2
6g2
Tr(xixi)
= −α
4ρ4
4g2
N
∫
dΩ
4pi
(Fij(Ω)Fij(Ω))?
− i
2g2
α4ρ3²ijkN
∫
dΩ
4pi
(
1
ρ
(Liaj)ak + 1
3
ai[aj, ak]− i
2ρ
²ijma
mak)?
− α
4
24g2
N(N2 − 1), (5.7)
Fij
Fij =
1
α2ρ2
([Ai, Aj]− iα²ijkAk)
=
1
ρ
[Li, aj]− 1
ρ
[Lj, ai] + [ai, aj]− 1
ρ
i²ijkak. (5.8)
Fij(Ω)
Fij(Ω) =
1
ρ
Liaj(Ω)− 1
ρ
Ljai(Ω) + [ai(Ω), aj(Ω)]? − 1
ρ
i²ijkak(Ω), (5.9)
g2YM = 4pig
2/Nα4ρ2 ( )?
U(1)
(5.1) (5.2)
(5.2) U = exp(iλˆ) ∼ 1+iλˆ
5(3.6) α
70
λˆ =
∑
lm λlmYˆlm
aˆi
aˆi → aˆi − i
ρ
[Lˆi, λˆ] + i[λˆ, aˆi], (5.10)
ai → ai − i
ρ
Liλ+ i[λ, ai]? , (5.11)
φˆ ≡ 1
2αρ
(AiAi − xˆixˆi)
=
1
2
(xˆiaˆi + aˆixˆi + αρaˆiaˆi). (5.12)
φˆ→ φˆ+ i[λˆ, φˆ]. (5.13)
2 U(1)
U(k)
xˆi → xˆi ⊗ 1k, (5.14)
aˆ→
k2∑
a=1
aˆa ⊗ T a. (5.15)
T a(a = 1, · · · , k2) U(k) U(1)
2 U(k)
S = −α
4ρ4
4g2
ntr
∫
dΩ
4pi
(Fij(Ω)Fij(Ω))?
− i
2g2
α4ρ3²ijkntr
∫
dΩ
4pi
(
1
ρ
(Liaj)ak +
1
3
ai[aj, ak]− i
2ρ
²ijma
mak)?
− α
4
24g2
kn(n2 − 1). (5.16)
tr
S =
α4ρ4
2g2
N
∫
dΩ
4pi
(
1
4
PmnPabFmaF
nb +
1
2
PabPac(Dbφ)(D
cφ)
+
1
ρ2
φ2 +
1
ρ2
²ajbxaFjbφ− 1
3α2ρ4
x2i ). (5.17)
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Fαmb = ∂ma
′α
b − ∂ba′αm + ²αβγa′βma′γb , Dbφα = ∂bφα + ²αβγa′βbφγ, Pab =
δab − nanb
5.2
(3.36)
1-
1- A
(3.36) (5.1)
W0 = − α
4
24g2
({(n+m)3 − (n+m)}+ {(n−m)3 − (n−m)})
= − α
4
12g2
(
n3 − n+ 3m2n), (5.18)
(5.18) m m W
4 4 |m|
U(2) (m = 0)
TP (|m| = 1)
U(1) (|m| = n)
|m| ¿ n
4
1- Xi
A˜i
Ai = Xi + A˜i (5.19)
72
1- (3.36) (A.20) 6
W1 =
1
2
T r log((X˜i)2)
=
1
2
(n+m−1∑
l=0
+
n−m−1∑
l=0
+2
n−1∑
l=m
)
(2l + 1) log [l(l + 1)] . (5.20)
X˜i Xi X˜iM = [Xi,M ] 2
X˜i
M X˜iM = (L
(n+m)L
i −L(n−m)Ri )M
SU(2) (n+m) (n−m)
(5.20) m = 0 (3.36) 4
m 6= 0 2 5.3 m = 0 5.4
m 6= 0
n (5.20) l
m = 0
Wm=01 = 2
[
n(n− 1)(log n(n− 1)− 1)− 2(log 2− 1)], (5.21)
m 6= 0
Wm6=01 =
1
2
[
(n+m)(n+m− 1)(log[(n+m)(n+m− 1)]− 1)
+(n−m)(n−m− 1) (log[(n−m)(n−m− 1)]− 1)
+2n(n− 1)(log n(n− 1)− 1)
−2
m−1∑
l=1
(2l + 1) log [l(l + 1)]
−4 · 2(log 2− 1)] . (5.22)
6l = 0 1- (5.20)
(5.20)
73
m¿ n
∆W1 = W
m6=0
1 −Wm=01
=
1
2
[f(n+m) + f(n−m)− 2f(n)]−
m−1∑
l=1
(2l + 1) log [l(l + 1)]
' 1
2
[f (2)(n)m2 +
1
12
f (4)(n)m4 + · · · ]−
m−1∑
l=1
(2l + 1) log [l(l + 1)]
=
1
2
[
2 log n(n− 1) + (2n− 1)
2
n(n− 1)
]
m2 +O(1/n2)m4 + · · ·
−
m−1∑
l=1
(2l + 1) log [l(l + 1)]
' 2m2 log n . (5.23)
2 f(x) = x(x− 1){log x(x− 1)− 1} n
n (5.21)
W1 m n
2 log n (5.23) W1 m
(log n)m2 (5.18) W0 m
−n3 m −nm2
W0 ∼ −n3 − nm2, (5.24)
W1 ∼ n2 log n+ (log n)m2. (5.25)
n 1- W1 W0
4 W0+W1 (5.18)
1-
5.3 U(2)
m = 0
2 U(2)
TP |m| = 1
m = 0 2
(5.20) 4
74
WW0 + W1
W0
m
−n −1 0 1 n
m = 0
m = 1
m = n
0
−
α
4
12g2
(n3 − n)
−
α
4
12g2
(n3 + 2n)
4: W0 1- W1 m
m = 0 m = 1 2 m = n 1
1 Ai ∼ 12n
7
Xi = L
(n)
i ⊗ 12 + hai 1n ⊗ τa. (5.26)
(5.26) (5.1)
W0 = − α
4
12g2
(
n3 − n)
+
α4
g2
n
[
2{(hai hai )2 − (hai haj )2} − 8 det(hai )
]
, (5.27)
2 W0 h
a
i
hai 3 4 3 −8 det(hai )
hai ∝ δia 2
(5.27)
7 (5.26) hai a = 3 [43] D
2 2
5.2 [43] TP
(5.32)
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(5.27)
V (H) = 2[(trHTH)2 − tr(HTHHTH)]− 8 det(H), (5.28)
(H)ia = h
a
i M = H
TH
V (H) = 2[(trM)2 − tr(M2)]∓ 8
√
detM
= 2
[(∑3
i=1
xi
)2
−
∑3
i=1
x2i
]
∓ 8
√∏
i
xi
= 4(x1x2 + x2x3 + x3x1)∓ 8√x1x2x3 . (5.29)
x1, x2, x3 M x1x2x3 (5.29)
x1x2 + x2x3 + x3x1 = (x1x2x3)
(
1
x1
+
1
x2
+
1
x3
)
≥ 3(x1x2x3)
(
1
x1x2x3
) 1
3
= 3(x1x2x3)
2
3 . (5.30)
2 x1 = x2 = x3 ≡ y2 V (H)
V (H) = 12y4 − 8y3
≥ −1
4
, (5.31)
2 y = 1
2
hai =
1
2
δai V (H) = −1/4 TP
2
Xi = L
(n)
i ⊗ 12 + h1n ⊗
τ i
2
, (5.32)
h = 0 h = 1 TP
(5.26) 1- 1- (5.26)
(A.20)
W1 =
1
2
T r tr′ log
[
(X˜k)
2δij − 2i²ijkhakτ˜a + 4ihai hbj²abcτ˜ c
]
−T r log
[
(X˜k)
2
]
. (5.33)
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X˜i τ˜i
X˜iM = [L
(n)
i ⊗ 12 + hai 1n ⊗ τa,M ], (5.34)
τ˜iM = [τi,M ], (5.35)
M hai
2 1-
W1 = 2
n−1∑
l=1
(2l + 1) log [l(l + 1)]
+(hai )
2
[
4
3
n−1∑
l=1
2l + 1
l(l + 1)
− 16
n−1∑
l=1
2l + 1
(l(l + 1))2
]
, (5.36)
l = 0
(hai )
2 n = 374
n
W1 ' 2
[
n(n− 1)(log n(n− 1)− 1)− 2(log 2− 1)]
+(hai )
2
[
4
3
(
log n(n− 1)− log 2)− 16(1− 1
n2
)]
, (5.37)
2 3
(5.27) 1-
3 n ≤ 373 n ≥ 374
n
( 5) TP
1- (log n)h2 −nh3
n
TP W0 +W1
(5.32)
W0 +W1 = − α
4
12g2
(
n3 − n)+ 2 n−1∑
l=1
(2l + 1) log [l(l + 1)]
+V0(h) + V1(h), (5.38)
77
V0(h) =
α4n
g2
(3
4
h4 − h3
)
, (5.39)
V1(h) =
[n−1∑
l=1
2l + 1
l(l + 1)
−12
(
1− 1
n2
)]
h2. (5.40)
h 5 5 (a)
V0(h) (b) n 1-
V0(h) + V1(h) (c) n 1-
V0(h) + V1(h)
V0(h)
h
1
0
(a) V0
V0(h) + V1(h)
h
0
(b) n V0 + V1
V0(h) + V1(h)
h
0 ∼ 1
n
∼
1
n2
(c) n V0 + V1
5: (a) h = 0 h = 1 (b)n
1- h = 0 (c)n
1- h = 0
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5.4
U(2) TP
5.2 TP |m|
TP
TP
(5.20) 2
(Ai ∼ 12n)
Xi =
 L(n+1)i
L
(n−1)
i
+ hi
 n−1n 1n+1
−n+1
n
1n−1
 . (5.41)
(5.41) (5.1)
W0 = − α
4
12g2
(
n3 + 2n
)
, (5.42)
hi 2
TP
h TP (|m| = 1)
|m| = 2
V0(h) ∼ n(h2 − h3). (5.43)
TP
TP
(5.41) 1- 1-
(5.41) (A.20)
W1 =
1
2
T r tr′ log[(X˜k)2δij − 2i²ijkH˜k]
−T r log((X˜k)2), (5.44)
79
X˜i H˜i M
X˜iM =
[(
L
(n+1)
i
L
(n−1)
i
)
+ hi
( n−1
n
1n+1
−n+1
n
1n−1
)
,M
]
, (5.45)
H˜iM =
[
hi
( n−1
n
1n+1
−n+1
n
1n−1
)
,M
]
. (5.46)
hi 2
W1 =
1
2
( n∑
l=1
+
n−2∑
l=1
+2
n−1∑
l=1
)
(2l + 1) log [ l(l + 1)]
+(hi)
2
[
4
3
n−1∑
l=1
2l + 1
l(l + 1)
− 16
n−1∑
l=1
2l + 1
(l(l + 1))2
]
, (5.47)
(hi)
2 n = 374
n 8
3
log n TP
n n
(5.42) TP
TP
(log n)h2
|m| ≥ 1 1
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6IIB 4
1
10 IIB 4
6 3 2
2 GW
DGW
DGW
DGW
2
(U(2) (m = 0)) (
(|m| ¿ n))
U(2) TP
1-
n
IIB
2 S2
2
S2 × S2 CP 2 IIB 6
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4IIB IIB
2
IIB
IIB
10 IIB
IIB
2
82
A 1-
1-
S = −Tr
(
1
4
[Aµ, Aν ]
2 +
1
2
(ψ¯Γµ[Aµ, ψ])
)
. (A.1)
Aµ ψ
Aµ = Xµ + A˜µ, (A.2)
ψ = ξ + ψ˜, (A.3)
Xµ ξ A˜µ ψ˜
S0 = −Tr
(
1
4
[Xµ, Xν ]
2 +
1
2
ξ¯Γµ[Xµ, ξ]
)
, (A.4)
S2 =
(
−A˜ν([Xµ, [Xµ, Xν ]] + 1
2
[ξ¯Γν , ξ]) + ξ¯Γµ[Xµ, ψ˜]
+
1
2
[Xµ, A˜ν ]
2 − 1
2
[Xµ, A˜µ]
2
+ [Xµ, Xν ][A˜µ, A˜ν ]
+
1
2
¯˜ψΓµ[Xµ, ψ˜] + ξ¯Γ
µ[A˜µ, ψ˜]
)
, (A.5)
Sint = −Tr
(
[Xµ, A˜ν ][A˜
µ, A˜ν ] +
1
4
[A˜µ, A˜ν ]
2 +
1
2
¯˜ψΓµ[A˜µ, ψ˜]
)
, (A.6)
S2 1
Sg.f.
Sghost
Sg.f. = −Tr(1
2
[Xµ, A˜µ]
2), (A.7)
Sghost = −Tr([Xµ, b][Aµ, c]), (A.8)
b c
S˜2 = S2 + Sg.f + Sghost
= −Tr
(
1
2
[Xµ, A˜ν ]
2 + [Xµ, Xν ][A˜µ, A˜ν ] +
1
2
¯˜ψΓµ[Xµ, ψ˜]
+[Xµ, b][Xµ, c] + ξ¯Γ
µ[A˜µ, ψ˜]
)
. (A.9)
83
ξ = 0 o O
OM = [o,M ], (A.10)
S˜2 = Tr
(
1
2
A˜µ(X˜
2
λδµν − 2iF˜µν)A˜ν −
1
2
¯˜ψΓµX˜µψ˜ + bX˜
2
λc
)
, (A.11)
[Xµ,M ] = X˜µM, (A.12)
[fµν ,M ] = F˜µνM, fµν = i[Xµ, Xν ]. (A.13)
W
W = − log
∫
dadϕdcdb e−S˜2
= − log det(X˜2λδµν − 2iF˜µν)−
1
2det(X˜2)Pf(ΓµX˜µ)
=
1
2
Tr log(X˜2λδµν − 2iF˜µν)−
1
4
Tr log
(
(X˜2λ +
i
2
F˜µνΓ
µν)(
1 + Γ11
2
)
)
−Tr log(X˜2λ), (A.14)
(5.1)
S = Tr(−1
4
[Ai, Aj][A
i, Aj] +
2
3
iα²ijkA
iAjAk). (A.15)
1- (5.1) A˜i 2
Stotal = S[Xi] + S˜2 , (A.16)
S˜2 =
1
2
tr
(
A˜i[Xk, [Xk, A˜i]]− 2
(
[Xi, Xj]− i²ijkXk
)
[A˜i, A˜j]
)
+tr
(
c [Xk, [Xk, b]]
)
=
1
2
tr
(
A˜i
[
(X˜k)
2δij + 2
(
[X˜i, X˜j]− i²ijkX˜k
)]
A˜j
)
+tr
(
c (X˜k)
2b
)
, (A.17)
84
S˜2 A˜i 2
X˜iM = [Xi,M ], (A.18)(
[X˜i, X˜j]− i²ijkX˜k
)
M = [
(
[Xi, Xj]− i²ijkXk
)
,M ]. (A.19)
A˜i
1- W1 S˜2
W1 = − log
∫
dA˜dcdc¯ e−S˜2
=
1
2
T r tr′ log[(X˜k)2δij + 2([X˜i, X˜j]− iα²ijkX˜k)]
−T r log[(X˜k)2], (A.20)
T r tr′ i j
B
(3.24)
GW [20]
GW
DGW
f(a,Γ)DGW = 1− ΓΓˆ. (B.1)
Γ Γˆ ΓR Γˆ Γ2 = Γˆ2 = 1
f(a,Γ) a Γ f(a,Γ) a
(B.1)
D†GWf(a,Γ)
† = 1− ΓˆΓ. (B.2)
85
(B.1) Γ Γˆ
GW
ΓDGW +DGWΓˆ = 0, (B.3)
D†GWΓ + ΓˆD
†
GW = 0. (B.4)
(B.1) Γ (B.2) (B.2) Γ (B.1)
D†GW = Γf(a,Γ)DGWΓf(a,Γ)
†−1, (B.5)
DGW = f(a,Γ)
−1ΓD†GWf(a,Γ)
†Γ. (B.6)
Γˆ
D†GW = Γˆf(a,Γ)DGWΓˆf(a,Γ)
†−1, (B.7)
DGW = f(a,Γ)
−1ΓˆD†GWf(a,Γ)
†Γˆ, (B.8)
ψ H 2
H N ×N GW
DGW Γ Γˆ
H DGW D†GW
H = H0 ⊕ H¯0, (B.9)
= H′0 ⊕ H¯′0, (B.10)
H0 = {ψ ∈ H|DGWψ = 0}, (B.11)
H′0 = {ψ ∈ H|D†GWψ = 0}, (B.12)
H¯0 H¯′0 H0 H′0
H0 = H′0, H¯0 = H¯′0,
ψ ∈ H0 = H′0 ⇒ Γψ = Γˆψ ∈ H0 = H′0. (B.13)
86
)ψ ∈ H0 (DGWψ = 0) (B.3) ΓDGW = −DGWΓˆ Γˆψ ∈
H0 (B.1) Γ Γf(a,Γ)DGWψ = (Γ−
Γˆ)ψ Γψ = Γˆψ Γψ ∈ H0 (B.5)
D†GWψ = 0 ψ ∈ H′0 H0 ⊂ H′0
ψ ∈ H′0 (B.4) Γψ ∈ H′0 (B.6)
DGWψ = 0 ψ ∈ H0 H′0 ⊂ H0
H′0 = H0 H¯′0 = H¯0
ψ ∈ H¯0 = H¯′0 ⇒ Γψ, Γˆψ ∈ H¯0 = H¯′0. (B.14)
)
Γψ ∈ H′0 (D†GWΓψ = 0) (B.4) ΓˆD†GWψ = 0
Γˆ D†GWψ = 0 ψ ∈ H′0
Γˆψ ∈ H0 (DGWΓˆψ = 0) (B.3) ΓDGWψ = 0
Γ DGWψ = 0 ψ ∈ H0
Γψ, Γˆψ ∈ H0 = H′0 ⇒ ψ ∈ H0 = H′0 ψ ∈ H¯0 =
H¯′0 ⇒ Γψ, Γˆψ ∈ H¯0 = H¯′0
ψ ∈ H¯0 = H¯′0 ⇒ Γψ = −Γˆψ (B.15)
)
Γψ = ±ψ (B.4) Γˆ(D†GWψ) = −D†GWΓψ = ∓(D†GWψ)
Γˆψ = ±ψ (B.3) Γ(DGWψ) = −DGWΓˆψ = ∓(DGWψ)
ψ (ψ ∈ H¯0 = H¯′0) Γψ = −Γˆψ
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(B.13) (B.14) (B.15)
T r(Γ + Γˆ) = T rH0(Γ + Γˆ) + T rH¯0(Γ + Γˆ)
= T rH0(Γ + Γˆ)
= 2(n+ − n−)
= 2 Index(DGW). (B.16)
1 2 (B.14) (B.15)
2 3 (B.14) Γ
Γˆ ±1
(3.24)
Index(DGW) ≡ (n+ − n−) = 1
2
T r(ΓR + Γˆ), (B.17)
C 12T r[P (n±m)(ΓR + Γˆ)] = ∓m
(3.36) (3.40) (3.46)
(3.40)
1
2
T r[P (a)(ΓR + Γˆ)] = 1
2
T r(a)[ΓR + Γˆ(a)]. (C.1)
a = n±m P (a) (3.41) 2L(a)+1
T r(a) P (a)
(3.36) Γˆ
U
Γˆ(n+m)
Γˆ(n−m)
U † (C.2)
Γˆ(a)
Γˆ(a) =
2
2L(a) + 1
(
σiL
(a)
i +
1
2
)
, (C.3)
88
L
(a)
i SU(2) 2L
(a) + 1
1
2
T r[P (a)(ΓR)] = 1
2
T r(a)[ΓR] Ji =
σi
2
− LRi Ji
J2i = J(J + 1) = L(L+ 1) +
3
4
− σiLRi , (C.4)
ΓR =
2
n
(
σiL
R
i −
1
2
)
=
2
n
(
L(L+ 1) +
3
4
− J(J + 1)− 1
2
)
, (C.5)
Ji =
σi
2
− LRi SU(2) L + 12 L − 12 2
ΓR J = L + 1
2
J = L − 1
2
2 J = L + 1
2
ΓR = −1 λL+ 1
2
ΓR
2(L+ 1
2
) + 1 = 2L+ 2
λL+ 1
2
= (2L+ 2)(2L(a) + 1), (C.6)
J = L− 1
2
ΓR = +1 λL− 1
2
ΓR 2(L− 1
2
)+1 =
2L
λL− 1
2
= 2L(2L(a) + 1), (C.7)
1
2
T r[P (a)(ΓR)] = 1
2
(−λL+ 1
2
+ λL− 1
2
)
= −(2L(a) + 1), (C.8)
1
2
T r[P (a)(Γˆ)] = 1
2
T r(a)[Γˆ(a)]
Ji
′ = σi
2
+ L
(a)
i Ji
′
(Ji
′)2 = J ′(J ′ + 1) = L(a)(L(a) + 1) +
3
4
+ σiL
(a)
i , (C.9)
Γˆ(a) =
2
2L(a) + 1
(
σiL
(a)
i +
1
2
)
=
2
2L(a) + 1
(
−L(a)(L(a) + 1)− 3
4
+ J ′(J ′ + 1) +
1
2
)
, (C.10)
89
Ji
′ = σi
2
+L
(a)
i SU(2) J
′ = L(a)+ 1
2
J ′ = L(a)− 1
2
J ′ = L(a)+ 1
2
Γˆ(a) = +1
λL(a)+ 1
2
Γˆ(a) 2(L(a) + 1
2
) + 1 = 2L(a) + 2
λL+ 1
2
= (2L(a) + 2)(2L+ 1), (C.11)
J ′ = L(a) − 1
2
Γ(a) = −1 λL(a)− 1
2
Γˆ(a)
2(L(a) − 1
2
) + 1 = 2L(a)
λL− 1
2
= 2L(a)(2L+ 1), (C.12)
1
2
T r[P (a)(Γˆ)] = 1
2
(
λL(a)+ 1
2
− λL(a)− 1
2
)
= 2L+ 1, (C.13)
(C.8) (C.13)
1
2
T r[P (a)(ΓR + Γˆ)] = 1
2
T r(a)[ΓR + Γˆ(a)] = 2(L− L(a)), (C.14)
a = n±m L(n±m) = n±m+1
2
2(L− L(a)) = 2
(n+ 1
2
− n±m+ 1
2
)
= ∓m, (C.15)
1
2
T r[P (n±m)(ΓR + Γˆ)] = ∓m, (C.16)
D GKP DGKP
(3.36) DGKP (3.4)
DmGKP = σi(Ai − LRi ) + 1 = σi
L(n+m)i
L
(n−m)
i
− LRi
+ 1, (D.1)
L
(n±m)
i L±m/2 −LRi L
n = 2L+ 1 Ai − LRi
l =

m
2
, · · · , 2L+ m
2
(δ = 1),
m
2
, · · · , 2L− m
2
(δ = −1).
(D.2)
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m ≥ 0 (4.3) Mi J DmGKP
DmGKP =
 J +
1
2
= l + 1 (J = l + 1
2
),
−(J + 1
2
) = −l (J = l − 1
2
).
(D.3)
l (D.2) m > 0 6
7 n = 10,m = 0, 1, 2, 3, 4
7 DmGKP
DGKP
6
2L+ m
2
+ 1
··
·
··
·
2L− m
2
+ 1
··
·
··
·
··
·
m
2
+ 2
m
2
+ 1
0
−m
2
−(m
2
+ 1)
··
·
··
·
··
·
−(2L− m
2
)
··
·
··
·
−(2L+ m
2
)
d
d d
d dd d
d dd d
d d
d
δ = −1 δ = 1
6: DmGKP (m > 0)
4.1 DmGW
(D.1) DmGKP
(DmGKP)
2 =M2i +
1
4
= J(J + 1) +
1
4
= (J +
1
2
)2, (D.4)
Mi (4.4) (D
m
GKP)
2
91
61
2
3
4
5
6
7
8
9
10
11
12
0
 1
 2
 3
 4
 5
 6
 7
 8
 9
 10
 11
D
GKP
m = 0 m = 1 m = 2 m = 3 m = 4
Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1 Æ =  1 Æ = 1
7: GKP
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(3.42) (3.15) T ,ΓR Mi
[
Mi , (D
m
GKP)
2
]
= 0, (D.5)[
T , (DmGKP)
2
]
= 0, (D.6)[
ΓR , (DmGKP)
2
]
= 0. (D.7)
(DmGKP)
2
(DmGKP)
2|J, J3, δ, ν〉 = (J + 1
2
)2 |J, J3, δ, ν〉, (D.8)
|J, J3, δ, ν〉 (4.11)-(4.14)
DmGKP
[Mi , D
m
GKP] = 0, (D.9)
[T , DmGKP] = 0, (D.10)[
ΓR , DmGKP
] 6= 0, (D.11)
J, J3, δ ν
∑
ν c
±
ν |J, J3, δ, ν〉
DmGKP
DmGKP
∑
ν
cν |J, J3, δ, ν〉 = ±(J + 1
2
)
∑
ν
cν |J, J3, δ, ν〉. (D.12)
δ = ±1
Dm±GKP = (σiL
(n±m)
i +
1
2
)− (σiLRi −
1
2
) =
n±m
2
Γˆ± − n
2
ΓR, (D.13)
ΓR =
2
n
(σiL
R
i −
1
2
), (D.14)
Γˆ± =
2
n±m(σiL
(n±m)
i +
1
2
). (D.15)
n±m
n
Γˆ±Dm±GKP +D
m±
GKPΓ
R = ±m+ m
2
2n
, (D.16)
n±m
n
Dm±GKPΓˆ
± + ΓRDm±GKP = ±m+
m2
2n
. (D.17)
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α Dm±GKP ψ
Dm±GKPψ = αψ. (D.18)
(D.16) (D.17)
Dm±GKP
(
ΓR +
n±m
n
Γˆ±
)
ψ = −α
(
ΓR +
n±m
n
Γˆ±
)
ψ +
(
±2m+ m
2
n
)
ψ,
(D.19)
Dm±GKP
[
ΓR +
n±m
n
Γˆ± − 1
2α
(
±2m+ m
2
n
)]
ψ
= −α
[
ΓR +
n±m
n
Γˆ± − 1
2α
(
±2m+ m
2
n
)]
ψ. (D.20)[
ΓR + n±m
n
Γˆ± − 1
2α
(
±2m+ m2
n
)]
ψ −α Dm±GKP
(D.13)
ΓR +
n±m
n
Γˆ± =
2
n
Dm±GKP + 2Γ
R, (D.21)
(D.12) ψ =
∑
ν cν |J, J3, δ, ν〉[
ΓR +
n+ δm
n
Γˆ− 1
2α
(
2δm+
m2
n
)]∑
ν
cν |J, J3, δ, ν〉
=
[
2
n
α− 2− 1
2α
(
2δm+
m2
n
)]
c−1|J, J3, δ, ν = −1〉
+
[
2
n
α + 2− 1
2α
(
2δm+
m2
n
)]
c1|J, J3, δ, ν = 1〉. (D.22)
α = ±(J + 1
2
)
2 J = m−1
2
δ
ν = +1 ν = −1 (D.22)
α = −m DmGKP
(J, δ, ν) = (2L − m−1
2
,−1,−1)
(2L+ m+1
2
,+1,−1) δ ν = −1
(D.22) α = n ± m
2
DmGKP
(D.22) DmGKP
6
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cν (D.22)
∑
ν cν |J, J3, δ, ν〉
[
2
n
α− 2− 1
2α
(
2δm+
m2
n
)]
|c−1|2 +
[
2
n
α+ 2− 1
2α
(
2δm+
m2
n
)]
|c1|2 = 0.
(D.23)
DmGKP
1
2
[√
2 +
2
n
α− 1
2α
(
2δm+
m2
n
)
|J, J3, δ, ν = −1〉
+
α
|α|
√
2− 2
n
α +
1
2α
(
2δm+
m2
n
)
|J, J3, δ, ν = 1〉
]
, (D.24)
α = ±(J+ 1
2
) |J, J3, δ, ν = −1〉 |J, J3, δ, ν =
1〉
E Dcom
GW (3.22) TP
(3.29)
D′ m=1com = σ · L+ 1 +
1
2
σ · τ − 1
2
(n · σ)(n · τ). (E.1)
(4.37)
Mi = Li + σi
2
+
τi
2
, (E.2)
t = n · τ, (E.3)
γ = n · σ. (E.4)
Mi t U(1) γ
[Mi , t] = 0, (E.5)
[Mi , γ] = 0, (E.6)
[t , γ] = 0. (E.7)
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M2i |J, J3, δ, ν〉 = J(J + 1) |J, J3, δ, ν〉, (E.8)
M3|J, J3, δ, ν〉 = J3 |J, J3, δ, ν〉, (E.9)
t|J, J3, δ, ν〉 = δ |J, J3, δ, ν〉, (E.10)
γ|J, J3, δ, ν〉 = ν |J, J3, δ, ν〉, (E.11)
Li + σi2 τi2
Mi = (Li + σi2 ) + τi2
J =

l + 1 (l ≥ 0),
l (l ≥ 0),
l (l ≥ 1),
l − 1 (l ≥ 1).
(E.12)
l Li Mi 3
8
3: Mi
δ − − + +
J ν + − + −
0 ◦ ◦
1 ◦ ◦ ◦ ◦
2 ◦ ◦ ◦ ◦
3 ◦ ◦ ◦ ◦
··
·
··
·
··
·
··
·
··
·
8 (E.29) (δ, ν) = (−1,+1) (+1,−1)
(E.18) (E.19) (E.22) ν = +1 ν = −1 J ≥ 1 J, J3, δ
D′ = τ · L+ 1+ 12σ · τ − 12 (n · σ)(n · τ) δ = +1
δ = −1 J ≥ 1 J, J3, ν
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D′ m=1com 2
(D′ m=1com )
2 =M2i , (E.13)
(D′ m=1com )
2 Mi 2 Mi, t, γ[
Mi , (D
′ m=1
com )
2
]
= 0, (E.14)[
t , (D′ m=1com )
2
]
= 0, (E.15)[
γ , (D′ m=1com )
2
]
= 0. (E.16)
(D′ m=1com )
2
(D′ m=1com )
2 |J, J3, δ, ν〉 = J(J + 1) |J, J3, δ, ν〉. (E.17)
Mi, t, γ D
′ m=1
com [
Mi , D
′ m=1
com
]
= 0, (E.18)[
t , D′ m=1com
]
= 0, (E.19)[
γ , D′ m=1com
] 6= 0, (E.20)
D′ m=1com J, J3, δ
ν
∑
ν c
±
ν |J, J3, δ, ν〉
D′ m=1com
[∑
ν
c±ν |J, J3, δ, ν〉
]
= ±
√
J(J + 1)
[∑
ν
c±ν |J, J3, δ, ν〉
]
. (E.21)
D′ m=1com γ{
γ , D′ m=1com
}
= 0. (E.22)
∑
ν cν |J, J3, δ, ν〉 α D′ m=1com γ
∑
ν cν |J, J3, δ, ν〉
−α
D′ m=1com
[∑
ν
cν |J, J3, δ, ν〉
]
= α
[∑
ν
cν |J, J3, δ, ν〉
]
, (E.23)
D′ m=1com
[
γ
∑
ν
cν |J, J3, δ, ν〉
]
= −α
[
γ
∑
ν
cν |J, J3, δ, ν〉
]
. (E.24)
α = ±
√
J(J + 1). (E.25)
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cν γ
∑
ν cν |J, J3, δ, ν〉
∑
ν cν |J, J3, δ, ν〉
|c1|2 − |c−1|2 = 0, (E.26)
|c−1| = |c1|, (E.27)
α
1√
2
[
|J, J3, δ, 1〉+ α|α| |J, J3, δ,−1〉
]
, (E.28)
|J, J3, δ, 1〉 |J, J3, δ,−1〉
Mi 3 J = 0 ²αl
niσiαα′²α′l α l
(D′ m=1com )² = 0 (D
′ m=1
com )n · σ² = 0
t γ 2
(δ, ν) = ±(−1,+1) (4.39)
1
2
[1± n · σ]αα′²α′l = 1
2
[1∓ n · τ ]ll′²αl′ , (E.29)
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